Photodynamic therapy is widely used in the clinical treatment of tumors, especially skin cancers. It has been reported that the photosensitizer curcumin, in combination with ultraviolet radiation B, induces HaCaT cell apoptosis, and this effect may be due to the activation of caspase pathways. In this study, we examined the photodynamic effects of demethoxycurcumin, a more stable analogue of curcumin, to determine whether it could induce apoptosis in skin cancer cells. We investigated the effects of a combination of ultraviolet radiation B and demethoxycurcumin on apoptotic cell death in A431 and HaCaT cells and determined the molecular mechanism of action. Our results showed increased apoptosis with a combination of ultraviolet radiation B with demethoxycurcumin, as compared to ultraviolet radiation B or demethoxycurcumin alone. The combination of ultraviolet radiation B irradiation with demethoxycurcumin synergistically induced apoptotic cell death in A431 and HaCaT cells through activation of p53 and caspase pathways, as well as through upregulation of Bax and p-p65 expression and downregulation of Bcl-2, Mcl-1, and nuclear factor-κB expression. In addition, we found that reactive oxygen species significantly increased with treatment, and mitochondrial membrane potential depolarization was remarkably enhanced. In conclusion, our data indicate that demethoxycurcumin may be a promising photosensitizer for use in photodynamic therapy to induce apoptosis in skin cancer cells.
Introduction
Cutaneous squamous cell carcinoma (cSCC) is a common malignant skin cancer originating in epithelial cells. 1 It is the second most common form of skin cancer, following basal cell carcinoma (BCC). 2, 3 The incidence of cSCC has risen in recent decades, increasing by 10% on a yearly basis. 4 cSCC originates in the epidermis or adnexal keratinocytes and occurs mainly on the scalp, face, and back of the hand. 5 The primary cause of cSCC is exposure to ultraviolet radiation, which causes DNA damage in keratinocytes. 6, 7 cSCC is characterized by a complicated etiology, a high rate of clinical misdiagnosis, a high degree of malignancy, and a high level of invasion and cellular damage.
Traditional methods of treatment for skin cancer include surgery, radiation therapy, chemotherapy, photodynamic therapy (PDT), and biological therapies. 8 Early surgical intervention is the first choice for treatment for malignant skin tumors; however, the large extent of resection often results in scarring or changes in appearance of the affected area, increasing the psychological burden for patients. Long-term chemotherapy can lead to gastrointestinal reactions and drug resistance, require patients to undergo bone marrow transplantation, or cause other adverse reactions. Local radiation therapy can lead to the formation of free radicals, causing local inflammation of the skin manifested as exudation, dermatitis, peeling, and ulcers. 9 Long-term treatment can even result in fibrosis, necrosis and secondary tumor formation, or other adverse reactions. 10 Therefore, it is important to choose a safe and effective approach to treat skin cancer.
PDT is a treatment involving light-induced activation of photosensitizers in the presence of oxygen, resulting in the production of free radicals capable of inducing cell death. In recent years, PDT has become an established treatment for selected neoplastic lesions, especially skin cancers, including BCC, squamous cell carcinoma, actinic keratosis, Bowen's disease, extramammary Paget's disease, and precancerous lesions. [11] [12] [13] [14] PDT, like many chemical and physical treatments capable of inducing apoptosis, is known to provoke oxidative stress by generating reactive oxygen species (ROS) in cells, suggesting a close relationship between oxidative stress and apoptosis. Currently, one of the main factors limiting photodynamic effects is the photosensitizing agent. 15 Curcumin and demethoxycurcumin (DMC) are derived from the rhizome of the plant Curcuma longa (turmeric) and collectively referred to as curcuminoids (Figure 1 ). 16 The stability of DMC is higher than that of curcumin, which prevents lipid peroxidation. 17 In recent years, many studies have shown that DMC and curcumin can modulate multiple cell signaling pathways, including apoptosis. [18] [19] [20] Based on these studies and its structure and function, we hypothesized that DMC may likewise act as a photosensitizer.
To further explore this possibility, we investigated the photodynamic effects of DMC to determine whether the combination of ultraviolet radiation B (UVB) and DMC could induce apoptotic cell death in the A431 and HaCaT cell lines. The study of apoptosis induced by PDT is mainly focused on mitochondrial pathway and the death receptors. In addition, caspase receptor family is one of the most important death receptors. PDT induced endoplasmic reticulum stress, resulting in apoptosis, is still in the exploratory stage. So, we choose to study the mitochondrial pathway and caspase pathway. In mitochondrial pathway, ROS produced during photodynamic reaction damage the structure of DNA molecular and activate mitochondria, thus inducing cell apoptosis. 21 In caspase pathways, when mitochondrial function is destroyed, cytochrome C is released and then mediates a series of caspase family apoptotic cascades. 22
Results

DMC and UVB reduce tumor cell viability in a dose-dependent manner
Before initiating experiments involving a combination of DMC and UVB, we assessed the effects of DMC and UVB alone on the growth of A431 and HaCaT cells. Treatment of cells with various concentrations of DMC results in a dose-and time-dependent increase of cell inhibition rate (p < 0.05; Figure 2 (a) and (b)). Inhibition of A431 cell proliferation is observed starting at 10 µmol/L, whereas inhibition of HaCaT cells occurs at 20 µmol/L, and inhibition increases with time, peaking at the third day (72 h).
Similar to DMC, UVB inhibits cellular proliferation in a dose-dependent manner (p < 0.05; Figure 2 (c)). Inhibition increases with an increasing dose of irradiation in the range of 10-70 mJ/cm 2 . At 50 mJ/cm 2 , inhibition of proliferation of A431 cells is 49.94%, while for HaCaT cells inhibition is 41.92%. The inhibitory peak is reached at 70 mJ/cm 2 . These results show that both DMC and UVB reduce tumor cell viability in a dose-dependent manner.
Inhibition of tumor cell growth is enhanced by treatment with DMC plus UVB
To determine whether combining DMC and UVB would enhance inhibition of cell proliferation, A431 and HaCaT cells were treated with DMC plus UVB. Based on the observed dose response curves of DMC (5-80 µM) and UVB (10-100 mJ/cm 2 ) in Cell Counting Kit-8 (CCK-8) assays that show the sum of necrotic cells and apoptotic cells, we chose half the maximum dose in order to detect the combined effects of DMC and UVB, resulting in a dose of 40 µmol/L DMC and 50 mJ/cm 2 UVB. As shown in Figure 2 (d), treatment of cells with a combination of a fixed concentration of DMC (40 µmol/L) and fixed dose of UVB (50 mJ/cm 2 ) produced higher inhibition compared to treatments with single . The DMC group was treated with 40 µmol/L DMC for 2 h, the UVB group was irradiated with a dose of 50 mJ/cm 2 , and the combined group was pretreated with DMC for about 2 h and then irradiated with UVB at a dose of 50 mJ/cm 2 . Results are expressed as the mean ± SD of three independent experiments. (e) Apoptotic changes in treated cells. A431 and HaCaT cells were treated with DMC plus UVB (40 µmol/L and 50 mJ/cm 2 , respectively), DMC (40 µmol/L), or UVB (50 mJ/cm 2 ). Following treatment, cells were stained with FITC-labeled annexin V/PI and analyzed by flow cytometry. Data are presented as mean ± SD of the percentage of annexin-positive cells from three independent experiments (*p < 0.05 vs DMC-or UVB-treated groups; n = 3). agents alone or untreated control cells (p < 0.05). The control cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C in an atmosphere containing 5% CO 2 . The combination treatment shows additive to synergistic therapeutic activity in reducing the number of tumor cells.
Enhancement of apoptosis in cells using a combination of DMC and UVB
Flow cytometry (FCM) analysis that shows apoptotic cells confirms that treatment with DMC, UVB, or combination of DMC and UVB results in apoptosis. Our data show that the rate of apoptosis in each treatment group in A431 cells is 4.43%, 10.14%, 12.43%, and 35.01% and in HaCaT cells the rate is 5.38%, 18.15%, 16.22%, and 26.75%. These results suggest that DMC, together with UVB treatment, additively or synergistically induces an increased number of cells to undergo apoptosis, compared to treatment with DMC or UVB alone (p < 0.05; Figure 2 (e)).
DMC and UVB increase apoptosis in A431 and HaCaT cells through the mitochondriamediated apoptosis pathway
To investigate whether the increased apoptosis during combination treatment with DMC and UVB was induced through activation of the mitochondria-mediated apoptosis pathway, we measured changes in mitochondrial potential and ROS levels following treatments in A431 and HaCaT cells. As shown in Figure 3 (a) and (b), a remarkable increase in mitochondrial potential loss and ROS changes, an early indicator of mitochondria-mediated apoptosis, [23] [24] [25] is observed in all experimental groups after treatment. The combination of DMC and UVB leads to an increase in mitochondrial potential loss and ROS in 75%-90% cells (p < 0.05). The increased loss in mitochondrial potential and ROS suggests that DMC in combination with UVB induces apoptosis by activating the mitochondrial pathway.
Morphological characteristics of apoptosis
To investigate the morphological characteristics of apoptosis, A431 and HaCaT cells were exposed to DMC (40 µmol/L), UVB (50 mJ/cm 2 ), or DMC plus UVB and stained with Hoechst 33258 for observation using fluorescence microscopy. Control cells which did not undergo any experimental treatment were uniformly stained, with no substantial fluorescence signal. Shrinkage of cells was observed in A431 and HaCaT cell lines exposed to DMC, UVB, or the combination of DMC and UVB. The number of apoptotic cells increased and cells displayed typical changes associated with apoptosis more significantly in the combination treatment group than in the individual treatment groups, including a reduction in the number of cells, bright staining, and fragmented nuclei (Figure 3(c) ).
Effects of the combination of DMC and UVB on apoptosis-associated proteins including Bcl
- 2, Mcl-1, Bax, nuclear factor-κB (p65), p-p65, p53, caspase-3,
caspase-9, and cytochrome c
To study the photodynamic effects of DMC, cells were exposed to sub-apoptotic doses of UVB (50 mJ/cm 2 ) and cultured in media with a DMC concentration insufficient to cause apoptosis (40 µmol/L) Cells were harvested following irradiation for western blotting. Activation of p53, Bax, caspase-3, and caspase-9 is apparent following treatment with the combination of UVB and DMC, but only slight activation occurs with UVB or DMC treatment alone (Figures 4(a), (b) and 6(a)). Our results also showed that Bcl-2, Mcl-1, and nuclear factor-κB (NF-κB) proteins were decreased in the combined treatment group as compared to UVB-or DMC-treated cells (Figure 4 (a) and (b)). Additionally, we examined the expression of activated NF-κB (p-p65) in the nucleus, which was higher in cells treated with the combination of UBV and DMC as compared to treatment with UVB or DMC alone ( Figure 5 ). Furthermore, we observed that the levels of cytosolic cytochrome c were higher in the DMC plus UVB-treated cells than in UVB-or DMC-treated cells (Figure 6(a) ).
Discussion
The incidence of cSCC has increased significantly over the past 20 years, and it is estimated that it will increase even further in the coming decade based on epidemiological studies. 26, 27 With the incidence of skin cancers and mortality attributed to the disease increasing globally, existing treatments do not significantly prolong survival. While early surgical treatment can completely remove the tumor, the remaining scar can cause significant discomfort to patients. Radiation therapy and chemotherapy both have varying degrees of side effects. PDT has been indicated as a promising treatment for the selective destruction of cancerous and non-neoplastic cells. This approach involves the simultaneous presence of light, oxygen, and a light-activatable chemical known as a photosensitizer. Curcumin as photosensitizing agent has been validated by many studies; however, curcumin has poor solubility and stability in aqueous solutions and undergoes rapid metabolism and systemic elimination. 28, 29 DMC is a curcuminoid with more stable physicochemical properties compared with curcumin. It has been shown that DMC possesses anticancer activity, 30, 31 antioxidant activity, 32 and the ability to inhibit activation of microglial cells; 33 however, the effect of DMC on the dynamics of light has not yet been reported. Oxygen-free radicals can initiate mitochondrial depolarization and increase the permeability of the mitochondrial membrane, causing mitochondrial swelling, rupture of the outer membrane, and release of cytochrome c into the cytosol. As an apoptosis-inducing factor, cytochrome c can form an apoptotic complex with Apaf-1, caspase-9 precursor, and adenosine triphosphate (ATP)/deoxyadenosine triphosphate (dATP) and then assemble and activate caspase-3, triggering a cascade that leads to apoptosis.
NF-κB mainly localizes to the cytoplasm and is involved in regulation of proliferation and apoptosis in various cell
types. [34] [35] [36] The NF-κB signaling pathway plays a key role in tumor occurrence and development, which contributes to the occurrence of cancer. 37, 38 When cells are in a non-stimulated state, NF-κB combines with its inhibitor IκB in an inactive form in the cytoplasm. When cells are subjected to damage and other stimuli, IκB is degraded, and activated NF-κB is released and transferred to the nucleus to regulate the transcription of target genes. 39 The p65 protein is a member of the NF-κB family. It has been shown that inactivation of the p65 subunit leads to the death of liver cells by apoptosis. 40 Bcl-2 family proteins serve as critical regulators of pathways involved in apoptosis which can be classified into antiapoptotic and proapoptotic groups. 41, 42 The antiapoptotic group includes Bcl-2, Bcl-XL, Bcl-W, Mcl-1, and CED9 among others, while the proapoptotic group includes Bax, Bak, Bcl-XS, Bad, Bik, Bid, and others. Bcl-2 and Mcl-1 are genes downstream of NF-κB. The ratio of Bax to Bcl-2 43, 44 determines cell apoptosis or survival. In addition, interactions between Bid, Bax, and Bak can trigger the release of proapoptotic molecules from the mitochondria, such as Cyto-c, AIF, EndoG, Samc/DIA-BLO, and Omi/HtraA2, and result in activation of apoptosis via the mitochondrial pathway. 45 The release of cytochrome c is closely associated with apoptosis. Caspases, a family of cysteinyl aspartate-specific proteases, play an essential role in the regulation and execution of apoptotic cell death. 46 Cytochrome c interacts with caspase-9 to form an apoptotic complex. This facilitates caspase-9 autoactivation, 47 activation of caspase-3, and other caspase members in the presence of ATP or dATP, which promotes apoptosis. 48, 49 Caspase-3 is the most extensively studied apoptotic protein. Under normal conditions, inactive caspase-3 is localized to the cytoplasm. Apoptotic signals can lead to proteolytic cleavage and activation of caspase-3. 50-53 Activation of caspase-3 and downstream substrate cleavage results in a cascade of proteolytic amplification and ultimately leads to the death of the cell. 53 In our study, we focused on the NF-κB survival pathway, the generation of ROS, depolarization of the mitochondria, and mitochondrial membrane permeability and examined Bcl-2, Mcl-1, Bax, p53, and caspase-3 pathways to analyze the potential molecular mechanisms leading to apoptosis.
In this study, we used different doses of DMC and UVB on A431 and HaCaT cells, and based on CCK-8 assays, DMC and UVB could inhibit the proliferation of A431 and HaCaT cells and showed a significant dose-effect relationship. To further understand the effect of DMC as a photosensitizer, we combined DMC with UVB, treated A431 and HaCaT cells, and monitored the effects on cells by CCK-8 assays, FCM, cell morphology, ROS, and western blotting. The results of western blotting showed that Bax, p53, caspase-3, caspase-9, p-p65, and cytochrome c proteins were higher in the combined treatment group, while Bcl-2, Mcl-1, and NF-κB proteins were decreased in the combined treatment group. Therefore, by analyzing the expression of different proteins, the relationship between these proteins, the differences in cellular morphology, the changes in ROS, and mitochondrial membrane potential, we established that the mechanisms of UVB combined with DMC in the treatment of tumors may suppress proliferation and induce apoptosis via multiple cell signaling pathways, especially the mitochondrial pathway (Figure 7 ). Prior to our study, no research had examined the use of DMC as photosensitizer. Our study shows that a combination of UVB and DMC inhibits growth and amplifies proapoptotic effects. DMC not only has anticancer activity but also can be used as a new photosensitizer, which could be a novel therapeutic approach for photodynamic tumor therapy. UVB in combination with DMC is expected to be a new, effective method for the treatment of cSCC.
Currently, the basic research on PDT is relatively limited, and many issues remain to be addressed. Deficiencies exist in the research and development of photosensitive drugs. In clinical practice, because of the lack of understanding of laser propagation in tissue, the photochemical reaction induced by photosensitizer, heat dose distribution in tissue of various regions, and dose determination, the application of PDT is not standardized and it has yet to play a role in the diagnosis and treatment of tumors. Further studies will be required to address these issues.
Materials and methods
Cells lines and culture conditions
The A431 epidermoid carcinoma cell line was purchased from the Shanghai Cell Bank of the Chinese Academy of Sciences. The HaCaT keratinocyte cell line was obtained from Fuxiang Biotechnology Co., Ltd. (China). DMC (>99% purity) was obtained from YuanYe Biotechnology Co., Ltd. (China) and dissolved in dimethyl sulfoxide (DMSO) as a 100 mmol/L stock solution. The stock solution was stored at −20°C and diluted in complete medium before use. The final concentration of DMSO applied to the cells was less than 0.1%. Cell lines were cultured in DMEM supplemented with 10% FBS at 37°C in an atmosphere containing 5% CO 2 . 
Cell proliferation assay
To assess the inhibitory effects of DMC or UVB on the proliferation of A431 and HaCaT cells, 1 × 10 4 cells/well were seeded in 96-well plates and treated with various concentrations of DMC (5, 10, 20, 40, or 80 µmol/L) or UVB (10, 30, 50, 70 , or 100 mJ/cm 2 ). After treatment, 10 µL of the CCK-8 solution (Vicmed Biotech Co. Ltd., China) was added to each well, followed by incubation for 2 h at 37°C. The absorbance was measured at 450 nm using an EMax Microplate Reader (Molecular Devices, USA).
To determine the combined effects of DMC and UVB on the viability of A431 and HaCaT cells, 1 × 10 4 cells/ well were seeded in 96-well plates and treated with DMC (40 µmol/L), UVB (50 mJ/cm 2 ), or DMC plus UVB (40 µmol/L and 50 mJ/cm 2 , respectively). Untreated cells served as controls. Cells were assayed for viability as described above. Experiments were conducted in triplicate, and the results were reported as the means of the three experiments.
Analysis of apoptosis
Apoptosis was measured using an Annexin V/propidium iodide (PI) apoptosis detection kit (Nanjing KeyGen Biotech, China) according to the manufacturer's instructions. Briefly, cells in each group were trypsinized, centrifuged (2000 r/min, 5 min), and washed with phosphate-buffered saline (PBS). Next, the cells were resuspended in 500 µL of binding buffer (10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)/ NaOH (pH 7.4), 140 mmol/L NaCl, or 2.5 mmol/L CaCl 2 ). After a 15-min incubation at room temperature in the dark, FCM was performed to detect apoptosis in each group.
Measurement of ROS
Intracellular accumulation of ROS was measured using a dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay (Nanjing KeyGen Biotech). Cells were treated with DMC (40 µmol/L), UVB (50 mJ/cm 2 ), DMC-PDT (40 µmol/L and 50 mJ/cm 2 , respectively; DMC was precultured for 12 h before UVB irradiation), or DMC-PDT-N-acetyl-l-cysteine (NAC; 40 µmol/L, 50 mJ/cm 2 , and 5 mmol/L, respectively). The UVB irradiation occurred following DMC preincubation. NAC was added 2 h prior to irradiation. Following treatment, cells were harvested, washed twice with PBS, and incubated with 10 µmol/L DCFH-DA for 20 min. Cells were washed three times with PBS, resuspended in 0.5 mL PBS, and analyzed by FCM for ROS changes.
Analysis of mitochondrial potential
A431 and HaCaT cells were treated with DMC, UVB, or both agents combined. After treatment, cells were harvested and incubated with Rhodamine 123 (5 µg/mL; Nanjing KeyGen Biotech) for 10 min at 37°C in 5% CO 2 . The cells were washed three times with DMEM (without FBS), then resuspended in 0.5 mL of DMEM (without FBS), and incubated at 37°C in 5% CO 2 for 1 h. The Rhodamine 123 signal was measured in the FL1-H channel. Assays were performed in duplicate wells.
Hoechst 33258 DNA staining A431 and HaCaT cells were seeded in six-well plates and treated with DMC (40 µmol/L), UVB (50 mJ/cm 2 ), or both agents combined. Cells treated with DMEM served as controls. After treatment, the supernatant was discarded and the cells washed twice with PBS before being incubated with Hoechst 33258 (Nanjing KeyGen Biotech) for 5-10 min at room temperature in the dark, then washed twice with PBS, and examined under a fluorescence microscope (Olympus Optical Co. Ltd., Japan).
Western blot analysis
Cells were lysed on ice and centrifuged at 15,000 r/min at 4°C for 20 min. Supernatants were collected and protein concentrations were measured by bicinchoninic acid (BCA) protein assay (Beyotime, China). All of the samples were boiled at 100°C for 5 min. Equal amounts of protein were resolved on 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and then transferred to nitrocellulose (NC) membranes. Membranes were blocked with 5% skim milk for 2 h at room temperature and then incubated with primary antibodies (anti-Bcl-2, anti-Bax, anti-caspase-9, anti-cytochrome c, anti-NF-κB, anti-Mcl-1, and anti-caspase-3 (Bioworld Technology, China); anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and anti-P53 (Santa Cruz Biotechnology, USA)) at 4°C overnight. The next day, NC membranes were washed three times with Tris-buffered saline with Tween 20 (TBST) and incubated with corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies (anti-rabbit IgG and anti-mouse IgG; Bioworld Technology) at room temperature for 2 h. NC membranes were then washed three times with TBST and signals detected with SuperSignal ECL (Pierce, USA). SPSS 19 .0 software was used for all the statistical analysis. Values are expressed as mean ± SD. One-way analysis of variance (ANOVA) or Student's t-test was performed. The value of p < 0.05 was considered statistically significant.
Statistical analysis
